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Abstract 
The paper presents the analysis of pavement temperatures from meteorological stations located at the Polish national roads during 
the impact of low winter temperatures. Presented issue is particularly important in view of the problem of low-temperature cracks 
that occur in the asphalt pavement under the influence of low temperatures. For each location of meteorological station there 
were analysed measurements of the temperature on the road pavement surface, at depth of 5 cm and 30 cm in the pavement 
structure and air temperature 20 cm above the pavement surface. The analysis of the data included determination of minimum 
surface temperatures, duration of low temperatures, distributions of temperatures at the depth of pavement structure and the rate 
of cooling of the pavement surface. The number of temperature transitions for a specified level of low temperatures: 0 °C, -5 °C,  
-10 °C, -15 °C and -20 °C were also determined. It was found that the longest uninterrupted period of surface temperature hold 
below -20 °C is 18 hours, but below -15 °C is already 85 hours. On the basis of the distributions of temperature at the depth of 
pavement structure it was found that the recorded values of the minimum temperature of up to -25 °C on the surface of the 
asphalt pavement, the temperature at a depth of 5 cm, is higher by about 2–4 °C than the surface temperature, while at depth of 
30 cm it is already higher by about 20 °C than the surface temperature. Another important factor affecting the performance of 
asphalt pavement and in particular the resistance to low-temperature cracking is the cooling rate. With increase of cooling rate 
during severe winter conditions the probability of low temperature cracking increase. It was found that the cooling rate of the 
asphalt pavement surface is up to 3 °C/h. 
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1. Introduction 
Temperature is one of the most important factor that influences on pavement condition. The properties of asphalt 
pavement vary significantly according to temperature. In lower temperatures bitumen and consequently asphalt 
mixture behaves as hard, stiff and even brittle substance. This can be a reason of transverse cracks in the asphalt 
layers of pavements, which can arise in connection with the quick contraction at rapid temperature decrease during 
severe winter conditions. Influence of pavement temperature, especially low temperature distribution in asphalt 
pavement was the aim of many comprehensive studies, i.e. Bosscher et al. (1998), Hermansson (2001), Herb et al. 
(2006, 2009), Wang et al. (2012), Yaning et al. (2013) and Wistuba et al. (2013). This paper is a result of research 
program conducted by Judycki et al. (2014) commissioned by Polish Road Administration on evaluation of 
pavement temperature in high modulus asphalt concrete (HMAC) layers. 
The main objective of the paper is to evaluate temperatures of air and pavement structures in winter conditions in 
Poland for pavement design and analysis of road materials. The scope of the analysis was as follows: 
x Collection of the measurement data from meteorological stations, which included the results of measurements of 
air temperature and pavement temperature. 
x Verification of collected data. 
x For the complete data available from measurement period determination the minimum surface temperatures, the 
duration of such temperatures and the rate of cooling of the pavement surface 
For the selected measurement data (the period from 10.09.2012 to 11.09.2013) number of transitions in the 
surface temperature by a certain level of low temperature (0 °C, -5 °C, -10 °C, -15 °C, -20 °C) was determined. 
2. Climate in Poland during winter conditions 
Poland is located in temperate warm transitional climate zone. Its territory is crossed by air masses from both the 
Atlantic Ocean and the heart of the Eurasian landmass. The continental impact increases gradually with a move from 
west to east. Thermal conditions are mostly influenced by: air circulation, solar radiation and elevation above sea 
level. Mean annual air temperature decreases from South-West to North-East, Blazejczyk (2006). Figure 1 presents 
the map of mean values of winter temperatures in Poland in January, Kozuchowski (2011). 
Fig. 1. Mean values of winter temperatures in Poland in January, Kozuchowski (2011). 
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3. Data collection 
The data on which the analysis was performed, comes from measurements of air and pavement temperature for 
meteorological stations located along roads in different parts of Poland. The data has been provided by the Road 
Administration. Table 1 summarizes all meteorological stations that were included in the analysis, and Fig. 2 
contains a map with the location of these stations. The specified meteorological stations were available to measure 
the air temperature of 20 cm above the ground, the temperature measured on the road surface and at depths of 5 cm 
and 30 cm in the pavement. Other meteorological data such as humidity, rainfall, wind speed and direction although 
being listed in the measurement data were not used for further analysis. In total, above 3.3 million of measurement 
records were used in the analysis. Measurements were recorded at each station every 10 minutes and for further 
analysis were calculated average values for each hour. 
The measurement data were verified due to the possible emergence of false readings. Verification of the data was 
performed according to the following criteria: 
1. Availability temperature data from all measurement points (sensors in the pavement and in the air) at the 
moment of measurement. 
2. Set the temperature readings throughout the day. 
If the data for the day did not meet the above criteria then all the data from that day were rejected. The number of 
days with measurements that fulfil the criteria are given in Table 1. 
Table 1. Summary of meteorological stations. 
Location of meteorological station Period of measurements No of days 
with valid 
data, used in 
analysis 
Road designation Province Place designation from to 
DK1 kujawsko-pomorskie Probostwo 2011-04-05 2013-09-11 834 
DK10 zachodnio-pomorskie Człopa 2011-01-06 2013-09-11 945 
DK15 kujawsko-pomorskie Żabieńko 2011-10-08 2013-09-11 486 
DK3 dolnośląskie Radomierz 2010-12-14 2013-09-11 930 
DK45 opolskie Zawada 2004-04-30 2013-09-11 2948 
DK50 mazowieckie Brok 2012-01-01 2013-09-11 554 
DK59 mazowieckie Myszyniec Stary 2008-07-15 2013-09-10 1762 
DK7 mazowieckie Pepłowo 2004-01-30 2013-09-11 2879 
DK8 mazowieckie Podborze 2003-03-26 2013-09-11 3327 
DW426 opolskie Zalesie Śląskie 2003-03-27 2013-09-11 3289 
DK25 kujawsko-pomorskie Koronowo 2011-09-02 2013-09-11 659 
S10 kujawsko-pomorskie Lipniki 2010-12-11 2013-09-11 946 
S10 kujawsko-pomorskie Zielonka 2010-12-11 2013-09-11 966 
S6 pomorskie Kobylnica 2010-10-26 2013-09-11 1030 
S8 podlaskie Choroszcz 2012-09-12 2013-09-11 332 
S8 podlaskie Jeżewo 2012-12-01 2013-09-11 221 
S8 podlaskie Żółtki 2012-09-12 2013-09-11 346 
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Figure 2 presents the location of meteorological stations in Poland (based on maps from Trax Elektronik 
Company that is administrator of stations). 
 
 
Fig. 2. Location of meteorological stations in Poland (based on maps from Trax Elektronik Company that is administrator of stations). 
Fig. 2 presents all meteorological stations located on Polish national roads (presented as black dots) but some of 
them were unavailable in analysed period of time. 
4. Analysis of pavement temperature 
4.1. The lowest temperature of pavement surface 
On each of the considered meteorological station minimum values of pavement surface temperature were 
determined. Table 2 summarizes the lowest recorded surface temperatures for each station. It was found that the 
lowest surface temperature of -24.2 °C was recorded at January 26, 2010 year at the meteorological station of DK8 
Podborze (in the North-Eastern part of the Mazowieckie Province). 
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Table 2. The lowest recorded pavement surface temperatures. 
Location of meteorological 
station 
Province Measurement date 
(year-month-day) 
Measurement  
hour 
Minimum pavement 
surface temperature, 
°C 
DK1 Probostwo kujawsko-pomorskie 2012-02-04 7 -17.6 
DK10 Człopa zachodnio-pomorskie 2012-02-06 4 -17.2 
DK15 Żabieńko kujawsko-pomorskie 2012-02-03 5 -15.1 
DK25 Koronowo kujawsko-pomorskie 2012-02-06 2 -18.9 
DK45 Zawada opolskie 2012-02-04 7 -19.3 
DK50 Brok mazowieckie 2012-02-03 6 -21.3 
DK59 Myszyniec Stary mazowieckie 2010-01-26 7 -21.8 
DK7 Pepłowo mazowieckie 2012-02-03 7 -20.9 
DK8 Podborze mazowieckie 2010-01-26 7 -24.2 
DW426 Zalesie Śląskie opolskie 2012-02-04 7 -18.0 
S10 Lipniki kujawsko-pomorskie 2012-02-11 7 -18.5 
S10 Zielonka kujawsko-pomorskie 2012-02-11 7 -19.8 
S6 Kobylnica pomorskie 2012-02-06 7 -24.1 
S8 Choroszcz podlaskie 2012-12-23 7 -16.2 
S8 Jeżewo podlaskie 2013-01-26 5 -19.7 
S8 Żółtki podlaskie 2012-12-23 7 -16.4 
It was also found that the incidence of the lowest recorded temperatures was between 4 a.m. and 7 a.m.  
4.2. Low-temperature distribution in pavement structure 
Low-temperature distribution at a depth of pavement structures was presented in Figure 3. It contains 
measurement data from four stations with the lowest recorded pavement surface temperatures. It should be noted 
that the temperature at the depth of 5 cm is greater by about 2–4 °C than the temperature measured at the surface of 
the pavement (-24.2 °C), while at a depth of 30 cm is greater already about 20 °C. 
 
Fig. 3. Low-temperature distribution at a depth of pavement. 
Figure 4 shows an example of temperature changes recorded at the DK8 Podborze meteorological station in the 
Mazowieckie province in the period of few days before and after reaching the minimum temperature of pavement 
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surface. In was found daily fluctuations of temperature and cooling period from January 19th to January 16th 2010. 
It is worth to note that temperature at the depth of pavement of 30 cm is almost stable around 0 °C and there are not 
daily thermal cycles. The slow decrease of the temperature at that depth of pavement results from the duration of 
very low temperatures for several days (period from 23 to 26 of January) After Jan 26th the slowly increase of 
temperature was observed as a consequence of air temperature increase. 
 
Fig. 4. The example of temperature changes recorded at the DK8 Podborze meteorological station in the Mazowieckie province. 
4.3. Duration of low temperature 
During the winter season low surface temperatures (below the accepted values, i.e. -10 °C) can last a long time. 
The duration of the low temperature below a given particular level is important due to thermal stresses arising in 
asphalt layer due to physical hardening phenomenon. As stated Judycki (2014) the physical hardening of asphalt 
binder and in consequence asphalt mixtures is the term denoting the process of increase of stiffness during extended 
storage at isothermal conditions. In that conditions increase of thermal stresses causes transverse cracks of asphalt 
layers that are known from literature as low temperature cracks. The aim of this part of the analysis was to 
determine: 
x Longest period in which on the station surface temperature remained below a certain level. 
x The number of passes pavement temperature by a certain temperature level surface. 
To illustrate the methodology of conducted analysis the results of temperature data from meteorological station 
DK8 Podborze in the period from 19 to 31 of January 2010 were presented in Fig. 5. Arrows indicate the duration of 
period with temperature below a specified level. For example, the time of surface temperature below -5 °C lasted 
192 hours (8 days). The analyses consist of searching for the longest duration period of temperature below a certain 
value. The results of these analyses were provided in Table 3. 
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Fig. 5. Analysis of duration period of temperature below the specified level for DK8 Podborze meteorological station. 
Table 3. The longest measured duration period of low surface temperatures. 
Location of 
meteorological  
station 
Province Duration of low temperature [hours] 
below 0 °C below  
-5 °C 
below 
-10 °C 
below 
 -15 °C 
below  
-20 °C 
DK1 Probostwo kujawsko-pomorskie 286 70 19 13 0 
DK10 Człopa zachodnio-pomorskie 169 19 16 10 4 
DK10 Kruszyniec kujawsko-pomorskie 16 12 4 0 0 
DK15 Żabieńko kujawsko-pomorskie 472 116 17 2 0 
DK25 Koronowo kujawsko-pomorskie 425 165 22 16 0 
DK3 Radomierz dolnośląskie 420 91 21 13 5 
DK45 Zawada opolskie 334 44 18 12 0 
DK50 Brok mazowieckie 451 190 69 17 6 
DK59 Myszyniec Stary mazowieckie 453 227 139 19 9 
DK7 Pepłowo mazowieckie 476 237 139 19 6 
DK8 Podborze mazowieckie 746 261 143 85 18 
DW426 Zalesie Śląskie opolskie 167 21 18 11 0 
S10 Lipniki kujawsko-pomorskie 403 188 21 15 0 
S10 Zielonka kujawsko-pomorskie 401 163 19 14 0 
S6 Kobylnica pomorskie 425 68 20 17 12 
S8 Choroszcz podlaskie 442 99 19 4 0 
S8 Jeżewo podlaskie 445 124 20 12 1 
S8 Żółtki podlaskie 326 101 20 6 0 
Another part of the analysis was to determine the number of transitions of temperature below a specified level. 
For this purpose, the set of data that were recorded in the period from Sep 10th of 2012 to Sep 11th of 2013 was 
analysed. This period was selected in such a way as to give a range of data from the entire year for the greatest 
possible number of meteorological stations. The results were shown in Table 4. For example, the number of 
transitions of temperature below 0 °C on the station DK1 Probostwo equals 71. It means that the surface temperature 
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decrease below 0 °C 71 times and increase above 0 °C 71 times and the total number of transitions through the 
temperature 0 °C equals 142 for these example. 
Table 4. The number of transitions for a specified level of low temperature in winter 2012/2013. 
Location of 
meteorological station 
Province No of days in 
period of time 
from 10-09-2012 
to 11-09-2013 
The number of transitions of pavement temperature below: 
0 °C -5 °C -10 °C -15 °C -20 °C 
DK1 Probostwo kujawsko-pomorskie 354 71 35 6 0 0 
DK10 Człopa zachodnio-pomorskie 354 61 32 5 0 0 
DK25 Koronowo kujawsko-pomorskie 362 72 37 5 0 0 
DK3 Radomierz dolnośląskie 338 76 33 4 0 0 
DK50 Brok mazowieckie 340 77 28 6 0 0 
DK59 Myszyniec Stary mazowieckie 353 81 29 12 0 0 
DK7 Pepłowo mazowieckie 351 81 41 13 1 0 
DK8 Podborze mazowieckie 359 80 29 12 4 0 
DW426 Zalesie Śląskie opolskie 350 79 18 4 0 0 
S10 Lipniki kujawsko-pomorskie 334 62 25 4 0 0 
S10 Zielonka kujawsko-pomorskie 355 62 33 6 0 0 
S6 Kobylnica pomorskie 358 73 26 2 0 0 
S8 Choroszcz podlaskie 332 81 41 12 1 0 
5. Analysis of cooling rate 
The cooling rate is defined as a change of temperature during one hour (°C/h). The cooling rate reaches positive 
values during heating of pavement, and negative values during period of cooling. The ratio of cooling of the 
pavement surface is another important factor that affect significantly on thermal stress generated in the asphalt 
pavement.  
Figure 6 presents an example of two periods of time: pavement surface cooling (decrease of temperature) with 
negative effect of cooling rate and pavement surface heating (increase of temperature) with positive effect of cooling 
rate.  
 
Fig. 6. Changes in temperature on the pavement surface for DK8 Podborze meteorological station. 
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For all meteorological stations the relationship between intervals of thermal gradient (cooling and heating) and 
probability of occurrence of certain temperature gradient was shown in Fig. 7. Table 5 shows the probability of 
maximum value of cooling rate of the pavement surface.  
 
 
Fig. 7. The probability of pavement surface cooling and heating. 
Table 5. Probability of cooling rate of the pavement surface on the basis of data from all meteorological stations. 
Probability of a temperature gradient of no less than VT 
Cooling rate  
VT (°C/h) 
99.9% ≥ 3.7 
99% ≥ 2.1 
95% ≥ 1.2 
90% ≥ 0.8 
85% ≥ 0.6 
Table 5 indicates that the probability of cooling rate of pavement surface greater than 3 °C/h is less than 1%.  
6. Conclusions 
Evaluation of pavement temperatures during winter conditions is of a high importance to assess the resilience of 
asphalt layers to low temperature cracking. The available data from 18 meteorological stations located on Polish 
national roads across the country with different measurement periods were analysed. The longest analysed period 
was from 2003 to 2013. For available data minimum pavement temperatures at the surface, temperature distribution 
at a depth of pavement structures, duration of low temperatures and the cooling rate were determined. In total, 
3.3 million records were used in the calculations. The lowest temperature of the pavement surface in the period of 
time from 2003 to 2013 was equal to -24.2 °C. It was also found, that the temperature at the depth of 5 cm is greater 
by about 2–4 °C than the temperature measured at the surface of the pavement, while at a depth of 30 cm is greater 
already about 20 °C. That low temperature of -24.2 °C was recorded at 26 January 2010 in the meteorological 
station DK8 Podborze (in the North-Eastern part of Poland). At the same station was recorded the longest duration 
period of temperature below -20 °C, which was 18 hours. It was found by statistical analysis, that the probability of 
cooling rate of pavement surface greater than 3 °C/h is less than 1%. However, low-temperature cracks are initiated 
by a combination of the most adverse factors like i.e. hardness of bitumen used.  
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